Significance Statement {#s1}
======================

Processing of touch and pain in the developing newborn brain can be studied using near-infrared spectroscopy (NIRS) and electroencephalography (EEG). However, the relationship between hemodynamic and electrophysiological responses to somatosensory stimuli in the newborn is not known. We recorded NIRS and EEG responses simultaneously, and found that hemodynamic and electrophysiological touch and pain brain activity in newborn infants are comparable in group analyses; however, single-trial analysis revealed that these responses do not always co-occur in individual trials. This important variability suggests that integrated and multimodal brain monitoring is required to understand central touch and pain processing in the newborn.

Introduction {#s2}
============

Newborn infants are exposed to a wide range of cutaneous sensory stimuli in the first few days of life. Most of these are innocuous mechanical stimuli, such as touch or light pressure, although noxious skin-breaking procedures are also performed in neonates requiring hospital care. Little is known about how the developing newborn cortex processes these stimuli, but cortical activation by noxious and innocuous mechanical stimulation has been recorded at the cotside using near-infrared spectroscopy (NIRS; [@B4]; [@B35]) and electroencephalography (EEG; [@B37]; [@B17]). Although these recordings offer great potential for investigating the postnatal development of human cortical somatosensory and pain networks, the data from these techniques have not been entirely consistent, raising the question of whether the two techniques are measuring the same integrated cortical activity following cutaneous noxious and innocuous stimulation.

Studies using NIRS have reported a clear hemodynamic response over the contralateral primary somatosensory cortex (SI) following noxious heel lance and noxious venipuncture in newborn infants ([@B4]; [@B35]). The hemodynamic response to heel lance was observed in single trials, was clear from 25 weeks gestational age (GA), and increased with age. It was also smaller in sleeping infants compared to awake infants at the same age. By contrast, no response was detected following innocuous mechanical stimulation using von Frey hairs at intensities sufficient to elicit visible foot withdrawal ([@B35]), although a small response was reported following skin disinfection ([@B4]).

Studies using EEG have reported clear event-related potentials (ERPs) at the vertex following both noxious and innocuous stimulation ([@B37],[@B38]; [@B17]). The EEG response time locked to a noxious heel lance consists of two ERPs, the last of which is nociceptive specific (N3P3; N150-P260 and N420-P560), while the response following innocuous tactile stimulation consists of only the first ERP (N2P2). It is possible that these waveforms are preceded by an earlier somatosensory evoked potential (also referred to as the N1P1; for review, see [@B45]), but this has not been reported yet. Both ERPs can be observed in single trials, but, unlike hemodynamic responses, they only begin to appear reliably from ∼37 weeks of age ([@B17]). Furthermore, in contrast to the hemodynamic response, the N2P2 waveform is larger in sleeping infants, while the nociceptive-specific waveform is not dependent on sleep state ([@B37]).

Some discrepancies between sensory evoked neural and hemodynamic responses in infants may be due to methodological differences; for instance, the criteria for detecting a tactile hemodynamic response may have been too stringent in previous studies, given the likely low signal-to-noise ratio ([@B35]). Likewise, the presence of a hemodynamic response in preterm infants in which ERPs are rarely observed could be related to different patterns of EEG activity in this age group, such as delta brushes ([@B17]). Nevertheless, the differences raise the possibility that the two techniques are not measuring (either directly or indirectly) the same integrated somatosensory cortical activity.

To address this issue, we have recorded NIRS and EEG simultaneously in individual healthy term babies. Hemodynamic activity was recorded from the contralateral SI as it contributes, at least in part, to the generation of the adult noxious event-related potential ([@B44]; [@B23]), and is therefore likely to contribute to the infant ERP. We predicted that, with improved recording and analysis techniques, cortical responses to both innocuous and noxious mechanical skin stimulation could be quantified in neonates using both NIRS and EEG. Furthermore, we predicted that this would also be true in single trials so that evoked hemodynamic and electrophysiological activity, when recorded simultaneously in individual trials, would always co-occur and be correlated. To test these hypotheses, we developed a novel goodness-of-fit (GOF) analysis for the evoked hemodynamic activity that allowed comparison and correlation with the principal component analysis (PCA) of evoked EEG activity.

Materials and Methods {#s3}
=====================

Participants {#s3A}
------------

Thirty-six healthy term infants were recruited from the postnatal ward and special care baby unit at the Elizabeth Garrett Anderson Obstetric Wing, University College Hospital (UCH). Infants were not eligible for inclusion in the study if they were born in poor condition, had congenital malformations, or were receiving analgesics at the time of study. All infants and their mothers were well at the time of the study. Infant demographics and clinical details are shown in [Table 1](#T1){ref-type="table"}.

###### 

Demographic characteristics of participating infants

  **Demographic information**                
  ------------------------------------------ -------------------
  No. infants                                36
  Age at birth (weeks)                       39.0 (36.3--42.0)
  Age at study (weeks)                       39.2 (36.6--43.3)
  Postnatal age at study (d)                 2 (0--16)
  Female infants                             15/36
  Infants receiving right heel stimulation   20/36
  Weight at birth (g)                        3257 (1920--4750)
  Cesarean deliveries                        18/36

Data are shown as the median (range) or as *n*/*N* and refer to number of infants, unless otherwise indicated.

Ethical approval for this study was given by the UCH ethics committee. Informed written parental consent was obtained before each study. The study conformed to the standards set by the Declaration of Helsinki.

Experimental protocol {#s3B}
---------------------

Each infant received at least one of the following three types of stimuli: noxious, control, or tactile.

### Noxious stimulus {#s3B1}

Twenty-one infants were studied during a clinically required routine heel lance for the purpose of obtaining blood samples. No heel lances were performed solely for the purpose of the study, and all samples were obtained by a nurse or doctor using a lancet (Tenderfoot, ELITech UK Ltd). The heel area was cleaned at least 30 s prior to the lance, and the heel was not squeezed until at least 30 s after the lance to enable the assessment of cortical responses to the lance stimulus alone.

### Control stimulus {#s3B2}

To control for the tactile (due to the placement of the lancet onto the heel) and auditory (due to the audible "click" that is produced when the spring-loaded blade is released) aspects of the lance, all infants also received a control stimulus at least 2 min prior to the heel lance. This involved placing the lancet onto the heel in a 90° rotated position compared with the lance, so that when it was triggered the blade was released away from the foot. As with the noxious stimulus, care was taken to minimize other stimulation during the 30 s prior to and following the control stimulus.

### Tactile stimulus {#s3B3}

A separate group of 15 infants, and 1 of the infants that were studied during lance, received tactile stimulation, which consisted of a gentle tap to the heel using a custom-made tendon hammer. All infants received 10 taps with a mean interstimulus interval of 72 s (SD, 16 s), except for three infants who received fewer taps due to limited time. For the infant who received tactile stimulation in addition to the lance, tactile stimulation was given prior to the control stimulus, and the heel was lanced last.

All stimuli were time locked to the EEG and NIRS recordings using a movement transducer attached to the lancet or tendon hammer ([@B50]).

### Infant well-being {#s3B4}

Throughout the experiment, care was taken to ensure the well-being and comfort of the babies and their families. Following hospital policy, comfort care was used rather than sucrose. Parents were always present during the study and were able to hold their baby if they wished. Babies were fed on demand. EEG and NIRS sensors were placed gently on the head by a trained clinical physiologist; handling of the babies was otherwise kept to a minimum throughout the experiment, and nearly all infants were still asleep prior to the noxious heel lance (see EEG recording). Parents were informed that they could stop the experiment at any time.

Multimodal recording {#s3C}
--------------------

Cortical activity was measured with simultaneous NIRS and EEG recordings in 30 infants. In the remaining six infants only NIRS recordings were undertaken due to limited time.

### NIRS recording {#s3C5}

Hemodynamic activity was recorded at a sampling rate of 5 Hz using the NIRO-200NX (Hamamatsu Photonics K.K.), which uses three wavelengths (735, 810, and 850 nm, with an output power of \<2 mW). Light absorption was converted into changes in \[HbO~2~\] and \[HHb\] at the outset using the modified Beer-Lambert law with a differential path-length factor of 4.39 ([@B51]).

Although near-infrared light travels diffusely through tissue, the sensitivity distribution associated with a given emitter--detector pair has a well described shape that resembles a banana, with narrow ends at the emitter and detector and the highest depth sensitivity at the midpoint between the optodes ([@B2]; [@B26];[@B20]; [@B18]). A single emitter--detector pair was positioned according to the international 10/10 electrode placement system so that the midpoint was centered over either C1 or C2 (whichever was contralateral to the stimulation site; [Fig. 1*A*](#F1){ref-type="fig"}) to provide access to the representation area of the heel in the primary somatosensory cortex ([Fig. 1*B*](#F1){ref-type="fig"}). The emitter was always placed toward the front of the head, and the emitter--detector separation was kept constant at 4 cm using a commercial probe holder (Hamamatsu Photonics K.K.), which was held in place using an elastic net (Surgifix, FRA Production SpA) and a baby hat. [Figure 1*B*](#F1){ref-type="fig"} shows that with this separation, an emitter--detector pair centered over C1 in 40-week-old infants is sensitive to large areas of SI, including the heel area. Since NIRS is mainly sensitive to the microvasculature ([@B34]; [@B18]), the presence of the superior sagittal sinus in the midline region is unlikely to influence the evoked hemodynamic responses. The sensitivity maps in [Figure 1*B*](#F1){ref-type="fig"} were produced using the four-dimensional neonatal head model described in the study by [@B11].

![***A***, ***B***, NIRS optode and EEG electrode locations (***A***) and NIRS sensitivity maps (***B***). ***A***, NIRS optode (black) and EEG electrode (blue circles) locations are presented on a schematic of the top view of the head (left). The EEG reference electrode was placed at FCz (gray circle). The NIRS emitter and detector were placed in a holder (pictured right) at a fixed distance of 4 cm, with the emitter toward the front of the head (red dot in schematic). ***B***, The sensitivity map of the optodes is shown at C1 (halfway between Cz and C3) in 2-mm-thick sagittal (left) and coronal (right) slices taken from a head model of 40-week-old infants. The scale bar indicates the log of the normalized sensitivity (in arbitrary units). A high sensitivity indicates that many photons pass through the given region on their way to a detector. Red and black arrows indicate the emitter and detector locations. A, Anterior; P, posterior; L, left; R, right; ECT, extracerebral tissue; CSF, cerebrospinal fluid; GM, gray matter; WM, white matter.](enu0021620470001){#F1}

### EEG recording {#s3C6}

Recording electrodes (disposable Ag/AgCl cup electrodes) were positioned according to a modified international 10/20 electrode placement system at Fp1, Fp2, Fz, F3, F4, Cz (vertex), C3, C4, CPz, CP3, CP4, T3, T4, T5, T6, O1, O2, and POz ([Fig. 1*A*](#F1){ref-type="fig"}). Although it was not always possible to apply the full set of electrodes, in the majority of infants at least 12 electrodes were used, and the Cz electrode was used in all recordings. Reference and ground electrodes were placed at FCz and on the forehead, respectively. Electrode--skin impedance was kept to a minimum by rubbing the skin with an EEG prepping gel (NuPrep Gel, Weaver and Company) and contact with the electrodes was optimized by applying conductive EEG paste (Ten20, Weaver and Company; or Elefix, Nihon Kohden). Electrodes were held in place using an elastic net (Surgifix, FRA Production SpA), and electrode leads were tied together to minimize electrical interference. EEG activity, from DC to 70 Hz, was recorded using the Neuroscan SynAmps2 EEG/EP Recording System (Compumedics Neuroscan). A 50 Hz notch filter was used, and signals were digitized with a sampling rate of 2 kHz and a resolution of 24 bits.

All EEG recordings were reported as normal by a clinical physiologist (A.L.) with respect to symmetry, synchronicity, absence of epileptiform activity, and background rhythms appropriate for age. The infants' sleep state was also classified as either "awake" or "asleep" using electrophysiological and behavioral data. Eighteen of 21 infants who received a heel lance were classified as asleep prior to the heel lance; 1 infant was awake and 2 infants could not be classified.

NIRS analysis {#s3D}
-------------

Concentration changes in oxyhemoglobin (Δ\[HbO~2~\]), deoxyhemoglobin (Δ\[HHb\]), and total hemoglobin (HbT; calculated as Δ\[HbT\] = Δ\[HbO~2~\] + Δ\[HHb\]) were analyzed using custom-written MATLAB (MathWorks) scripts. Traces were band-pass filtered between 0.05 and 1 Hz (using a first-order Butterworth filter) and were segmented into 40 s epochs starting from 20 s prior to each stimulus. Each epoch was then baseline corrected using the prestimulus interval. HbO~2~, HHb, and HbT traces were assessed for movement artifacts; epochs containing large-amplitude movement artifacts (defined as Δ\[HbT\] \> 25 µ[m]{.smallcaps}) were rejected, and epochs containing brief (\<3 s duration), low-amplitude (\<15 µ[m]{.smallcaps}) artifactual spikes were interpolated (at the point of inflection, using piecewise cubic spline interpolation).

Three lance and two control epochs were rejected for technical reasons (e.g., poor quality data due to poor light shielding; failed time locking of the stimulus to the NIRS recording), and a further three lance epochs and one control epoch were rejected due to large-amplitude movement artifacts. Therefore, 15 lance and 18 control epochs were included in the final NIRS sample.

For touch, epochs were rejected if they contained a movement artifact (\>5 µ[m]{.smallcaps}; 18 trials). Five epochs were also rejected as outliers. Thus, a total of 131 touch epochs from 16 participants were considered in the final NIRS sample ([Table 2](#T2){ref-type="table"}).

###### 

Number of infants included in the analysis

                          **Lance**   **Control**   **Touch**
  ----------------------- ----------- ------------- -----------
  Total sample included   17          20            16 (145)
  NIRS accepted           15          18            16 (131)
  EEG accepted            16          16            11 (106)

Data refer to the number of infants; parentheses indicate the number of touches across all infants.

To determine whether we could record a hemodynamic response to noxious, control, and tactile stimuli at a group level, we computed the group average Δ\[HbO~2~\], Δ\[HHb\], and Δ\[HbT\] for each stimulus type, and performed *z*-tests at each time point from 0 to 20 s poststimulation. In order to account for multiple testing, only significant segments of at least 1 s duration were considered to be meaningful. This allowed us to identify when the hemodynamic response exceeded random baseline noise. For touch, epochs were first averaged within individual participants, and then across participants to give a grand average. Hemodynamic responses to each stimulus were characterized from the group averages in terms of peak changes and latencies.

To compare the hemodynamic response to lance with the response to control or touch stimulation, independent-samples *t* tests were then performed at each time point from 0 to 20s poststimulation. Corrections for multiple comparisons were performed as described above.

In adults, a typical hemodynamic response consists of an increase in \[HbO~2~\] and a concomitant, lower-amplitude decrease in \[HHb\], reflecting an increase in cerebral blood flow to the activated region, and the resulting oversupply of HbO~2~ and displacement of HHb from the veins. However, in infants the direction of the Δ\[HHb\] is not consistent across studies, with some studies reporting decreases and others increases in \[HHb\], or inconsistent results (for review, see [@B26]). To determine the dominant peak of the HHb and HbO~2~ responses for each trial in our data, we looked for changes that exceeded a threshold of 2 SDs for at least 1 s from the mean baseline of the given trial between 1 and 6.5 s after stimulation.

For all tests, the threshold for significance was set at α = 0.05.

Event-related potential analysis {#s3E}
--------------------------------

Five lance and five control trials were removed from the analysis for technical reasons (e.g., because the EEG was not performed or was of poor quality; or due to failed time locking of the stimulus to the EEG recording). Therefore, 16 lance and 16 control trials were included in the final EEG sample.

For touch, five test occasions and a further three trials from three other test occasions were excluded for technical reasons (e.g., because the EEG was not performed or was of poor quality). Thus, a total of 106 touch trials from 11 participants were included in the final EEG sample ([Table 2](#T2){ref-type="table"}).

EEG traces were analyzed using EEGLAB ([@B16]) and custom-written MATLAB (MathWorks) scripts. Traces were band-pass filtered between 1 and 30 Hz (using a second-order bidirectional Butterworth filter), segmented into 1.7 s epochs starting from 0.6 s before the stimulus, and baseline corrected using the prestimulus interval. Channels containing a movement artifact (defined as activity exceeding ±100 µV) or high-frequency muscle activity were removed.

The analysis focused on Cz. In order to correct for intertrial and intersubject latency jitter ([@B49]; [@B12]), traces were aligned by Woody filtering within time windows centered on the N2P2 and N3P3 waveforms, as follows: (1) 50--400 ms after stimulation for lance epochs or 50--300 ms for control and touch epochs; and (2) 350--600 ms after stimulation. The maximum allowed jitter correction was ±50 ms for lance and touch epochs, and ±75 ms for control epochs. This approach resulted in two aligned group averages per stimulus type. For touch trials, traces were first aligned and averaged within participants, and the resulting traces were then aligned and averaged across individuals to give the grand average trace.

To determine whether the waveforms exceeded random baseline noise, *z*-tests were performed at each time point within the alignment windows (50--300 and 350--600 ms). We used the false discovery rate ([@B7]) to correct for multiple comparisons and assumed 30 independent tests/s, because data were low-pass filtered at 30 Hz.

The amplitude and latency of the negative (N) and positive (P) peaks of the two waveforms were obtained from the aligned group averages. Scalp topography maps were also created from the aligned group averages in order to display the scalp distribution of the N and P peaks of each waveform. For each peak, the average amplitude at Cz and at each of the other channels at the time of the given peak was plotted as a heat map. Channels that were excluded due to contamination by artifacts or were not recorded were interpolated.

The peak-to-peak amplitudes of the N and P peaks of the nociceptive-specific waveform in the lance trials were obtained by comparing each individual trace with the average and selecting the peaks that most resembled the average trace N and P peaks in terms of latency and morphology.

Within-infant comparison of NIRS and EEG lance responses {#s3F}
--------------------------------------------------------

After establishing the presence of hemodynamic and electrophysiological responses at the group level, we investigated the relationship between the two measures at the single-trial level. Specifically, we explored whether NIRS and EEG responses co-occurred within the same test occasion. To do so, we checked for the presence of an HbO~2~ response and of the nociceptive-specific EEG waveform in each lance trial, and then compared the two. For control trials, we assessed the presence of the first (non-nociceptive-specific) EEG waveform.

### NIRS goodness-of-fit analysis {#s3F7}

To establish whether an HbO~2~ response was present in a given trial, we compared each epoch to a hemodynamic response function (HRF) template. This was modeled as the average Δ\[HbO~2~\] of all lance epochs, as in the NIRS analysis section, and smoothed with an automatic one-dimensional wavelet denoising filter in MATLAB (threshold selection was based on Stein's Unbiased Risk Estimate, and additional parameters included soft thresholding and no rescaling). This yielded a lance HRF template with latency to a positive peak of 3.4 s, a positive peak amplitude of 1.8 µ[m]{.smallcaps}, a latency to an undershoot peak of 9.8 s, and a ratio of undershoot amplitude to positive peak amplitude of 0.72 ([Fig. 2*A*](#F2){ref-type="fig"}). The same procedure applied to the control trials produced a control HRF template with a latency to positive peak of 2.2 s, a positive peak amplitude of 0.3 µ[m]{.smallcaps}, a latency to an undershoot peak of 12.6 s, and a ratio of undershoot amplitude to positive peak amplitude of 1.07. Each individual \[HbO~2~\] trace was correlated with the HRF to determine the GOF between the observed and expected Δ\[HbO~2~\]. NIRS epochs were classified as "response present" if they exceeded a GOF threshold of 0.45, and "response absent" otherwise.

![HbO~2~ GOF values and EEG N3P3 waveform PC weights correlate with peak Δ\[HbO~2~\] and N3P3 amplitudes, respectively, in term infants having a noxious heel lance. ***A***, HRF used for classifying trials according to the presence of an HbO~2~ response. ***B***, The PC used for classifying trials according to the presence of the nociceptive-specific N3P3 waveform is shown in bold, overlaid onto the average EEG response for clarity. ***C***, NIRS HbO~2~ GOF values are plotted against peak positive \[HbO~2~\] changes, indicating a positive correlation that is almost significant (Spearman's ρ = 0.51, *p* = 0.052, *n* = 15). ***D***, EEG N3P3 waveform PC weights are plotted against the N3P3 amplitudes, indicating a significant positive correlation (Spearman's ρ = 0.81, *p* = 0.0002, *n* = 16).](enu0021620470002){#F2}

### EEG principal component analysis {#s3F8}

We then assessed the presence of the tactile and the nociceptive specific ERPs in the same lance and control trials. This was accomplished using PCA ([@B37]). The tactile- and nociceptive-specific components were identified by conducting PCA in the following two time intervals: (1) 50--300 ms poststimulation (lance and control trials separately); and (2) 350--700 ms poststimulation (lance trials only). The tactile- or nociceptive-specific waveform was considered to be present in a given EEG epoch if the weight associated with the corresponding component exceeded a threshold of 0.1, and was considered absent otherwise.

Using these criteria, responses were classified as present in 10 of 15 lance NIRS trials (GOF \>0.45), and in 9 of 16 lance EEG trials \[principal component (PC) weight \>0.1\]. The accuracy of this classification is confirmed by the fact that a significant response is present in the group averages of the trials where the response was "present," but not in that of the trials where the response was "absent" ([Fig. 3](#F3){ref-type="fig"}). Finally, even though our method is preferable to using peak amplitudes, because it takes into account the overall signal rather than a single data point that can be affected by noise, the GOF values^a^ and PC weights^b^ correlated well with the more traditional peak measures ([Fig. 2*C*,*D*](#F2){ref-type="fig"}).

![***A***, ***B***, Nociceptive-specific responses can be identified in the average of NIRS (***A***) and EEG (***B***) trials classified as response present, but not in the average of those trials classified as response absent. ***A***, Average (±SD) Δ\[HbO~2~\] following noxious heel lance (*t* = 0 s) at the contralateral primary somatosensory cortex in 10 response-present (left) and 5 response-absent (right) trials. ***B***, Average (±SD) ERP at Cz following noxious heel lance (*t* = 0 ms) in nine response-present (left) and 7 response-absent (right) trials, with topography maps at the N and P peaks. Gray arrows indicate the location of the first waveform. Time points that are significantly different from baseline are highlighted in gray.](enu0021620470003){#F3}

Results {#s4}
=======

Distinct hemodynamic responses to noxious heel lance and innocuous heel touch in newborn infants: group analysis {#s4A}
----------------------------------------------------------------------------------------------------------------

We first analyzed and compared the hemodynamic response to lance and to innocuous touch of the heel. NIRS analysis was performed in 15 infants undergoing a clinically required heel lance (*n* = 9 right heel lances). Consistent with previous studies ([@B4]; [@B35]), a significant increase of 2.3 ±2.9 µ[m]{.smallcaps} in \[HbT\] was recorded over the contralateral primary somatosensory cortex. The response had a maximum peak at 3.2 s, and was followed by a significant undershoot at 10 s and a later decrease from 15.2 s ([Fig. 4](#F4){ref-type="fig"}; [Table 3](#T3){ref-type="table"}).

![Average (±SD) hemodynamic response to a noxious heel lance (*t* = 0 s) at the contralateral primary somatosensory cortex in 15 term infants. \[HbT\], \[HbO~2~\], and \[HHb\] changes are plotted separately (in green, red, and blue, respectively), and time points that are significantly different from baseline are highlighted in gray.](enu0021620470004){#F4}

###### 

Peak amplitude and latency of the grand average hemodynamic response to lance, control, and touch

                                    **Early peak**   **Undershoot/overshoot**                                         
  --------------------------------- ---------------- -------------------------- ----------- ------------ ------------ ------------
  Lance                                                                                                               
      Amplitude, µ[m]{.smallcaps}   2.3 ± 2.9        2.0 ± 2.2                  0.5 ± 1.5   −1.3 ± 1.9   −1.3 ± 1.5   0.7 ± 1.4
      Latency, s                    3.2              3.4                        3.2         10           9            10.6
  Control                                                                                                             
      Amplitude, µ[m]{.smallcaps}   0.6 ± 1.1        0.4 ± 0.6                  NS          −0.5 ± 0.8   −0.5 ± 0.6   NS
      Latency, s                    2.8              2.2                        NS          12.4         13.4         NS
  Touch                                                                                                               
      Amplitude, µ[m]{.smallcaps}   0.2 ± 0.3        0.3 ± 0.2                  NS          NS           NS           −0.1 ± 0.2
      Latency, s                    2.8              4.0                        NS          NS           NS           9.8

Amplitude is shown as the mean ± SD. Early peak, initial response occurring between 1.0 and 6.5 s; undershoot/overshoot, next identifiable peak occurring after 6.5 s; NS, not significant.

The Δ\[HbT\] largely reflects the Δ\[HbO~2~\], which had the same statistically significant response pattern ([Fig. 4](#F4){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). Since the HHb response was small and variable (with increases in the early HHb response in 6 of 15 trials; decreases in 4 of 15 trials; and no change in 5 of 15 trials), as is well known from other infant studies ([@B26]), \[HbO~2~\] changes (10 of 15 increases; 1 of 15 decreases; 4 of 15 no change) were used for subsequent analysis.

NIRS analysis was also performed on infants undergoing non-noxious control stimulus (18 infants, *n* = 9 right side) or repeated touch of the heel (*n* = 16 infants, 131 trials, mean = 7 trials per infant, *n* = 10 right side). As with lance stimulation, there was a significant early increase in \[HbO~2~\] following both control and touch stimuli, although this increase was markedly lower in amplitude compared with lance stimulation (2.0 ± 2.2 µ[m]{.smallcaps} following lance vs. 0.4 ± 0.6 and 0.3 ± 0.2 µ[m]{.smallcaps} following control and touch stimulation, respectively; [Fig. 5*A*](#F5){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). For the control stimulus, this peak was followed by a significant undershoot peaking at 13.4 s. There was no significant early Δ\[HHb\] following either control or touch, although there was a late decrease in \[HHb\], peaking at 9.8 s following touch stimulation.

![Noxious stimulation elicits a more pronounced hemodynamic response than innocuous control or touch stimulation. ***A***, Average (±SD) hemodynamic response to non-noxious control (left, *n* = 18 infants) and touch (right, *n* = 131 touches from 16 infants) at the contralateral primary somatosensory cortex. ***B***, Results of an independent-samples *t* test comparing lance (black traces; *n* = 15 infants) and control (left) or touch (right). Average (±SD) \[HbT\], \[HbO~2~\], and \[HHb\] changes are plotted separately (in green, red, and blue, respectively), and statistically significant differences from baseline (***A***) or between stimuli (***B***) are highlighted in gray.](enu0021620470005){#F5}

The hemodynamic response to noxious heel lance was significantly larger than the response to innocuous mechanical skin stimulation. Independent-samples *t* tests confirmed that both the early increase in \[HbO~2~\] and the ensuing undershoot were significantly larger following lance than either control or touch. No significant differences were observed in HHb responses ([Fig. 5*B*](#F5){ref-type="fig"}).

Distinct EEG responses to noxious and innocuous heel stimulation in newborn infants: group analysis {#s4B}
---------------------------------------------------------------------------------------------------

We next analyzed and compared the EEG responses to lance and to innocuous touch of the heel. Sixteen infants receiving a heel lance were included in the EEG analysis. Heel lance evoked a clear EEG response consisting of a late N2P2 complex followed by an N3P3 complex. Both waveforms were significantly different from baseline ([Fig. 6](#F6){ref-type="fig"}). Following alignment, the mean latencies of the N and P peaks of the first waveform were 139 and 202 ms, and the amplitudes were −5.0 ± 12.2 and 8.7 ± 16.6 µV, respectively. The mean N3 and P3 peaks were 385 and 554 ms in latency, and −12.8 ± 12.1 and 12.7 ± 17.1 µV in amplitude, respectively ([Table 4](#T4){ref-type="table"}). Scalp topography maps showed that the P2, N3, and P3 peaks were maximal at the vertex. The N peak of the first waveform was instead maximal at POz.

![Average (±SD) EEG response at Cz following noxious heel lance (*t* = 0 ms) in 16 term infants when aligned to the first waveform (between 50 and 400 ms; left) and to the second waveform (between 350 and 600 ms; right), with topography maps at the N and P peaks. Time points between 50 and 300 ms (left) and between 350 and 600 ms (right) that are significantly different from baseline are highlighted in gray. Note that the group average responses are from the same group of infants but look different because the individual trials have been aligned differently. Gray arrows indicate the location of the second waveform when traces are aligned to waveform 1 (left) and of the first waveform when traces are aligned to waveform 2 (right).](enu0021620470006){#F6}

###### 

Peak latency and amplitude of the mean lance, control, and touch ERPs

                      **Lance**      **Control**   **Touch**
  ------------------- -------------- ------------- -------------
  N2                                               
      Amplitude, µV   −5.0 ± 12.2    −5.1 ± 15.5   −9.1 ± 10.1
      Latency, ms     139            93            147
  P2                                               
      Amplitude, µV   8.7 ± 16.6     20.1 ± 20.1   9.5 ± 8.4
      Latency, ms     202            189           248
  N3                                               
      Amplitude, µV   −12.8 ± 12.1                 
      Latency, ms     385                          
  P3                                               
      Amplitude, µV   12.7 ± 17.1                  
      Latency, ms     554                          

Data are shown as the mean ± SD.

The EEG traces of 16 infants having a control stimulus and 11 infants having a total of 106 touches were also analyzed. Both control and touch stimuli elicited a distinct late N2P2 complex. For both stimuli, the N and P peaks were significantly different from baseline ([Fig. 7](#F7){ref-type="fig"}). For the control stimulus, the mean latencies of the N and P peaks following alignment were 93 and 189 ms, respectively, and the amplitudes were −5.1 ± 15.5 and 20.1 ± 20.1 µV. For the touch stimulus, the mean latencies and amplitudes of the N and P peaks were 147 and 248 ms and −9.1 ± 10.1 and 9.5 ± 8.4 µV, respectively ([Fig. 7](#F7){ref-type="fig"}; [Table 4](#T4){ref-type="table"}). Scalp topography maps showed that the N and P peaks were maximal at the vertex for both the control and touch averages. The late N3P3 EEG response to noxious heel lance was not observed in response to innocuous mechanical skin stimulation.

![Average (±SD) EEG response at Cz following innocuous control (left; *n* = 16 term infants) and touch (right; *n* = 11 term infants having 106 touch trials) stimulation when aligned to the N2P2 waveform (between 50 and 300 ms), with topography maps at the N and P peaks. Time points between 50 and 300 ms that are significantly different from baseline are highlighted in gray.](enu0021620470007){#F7}

Simultaneous NIRS and EEG recordings in response to cutaneous stimulation in newborn infants: individual infant analysis {#s4C}
------------------------------------------------------------------------------------------------------------------------

The results above show that both NIRS and EEG can be used to record quantifiable and distinct innocuous and noxious evoked activity at a group level in the newborn cortex. We next asked whether such distinct hemodynamic and electrophysiological responses to noxious and innocuous stimulation co-occur in individual trials. In all 18 infants who received a noxious heel lance and a matching control non-noxious stimulus (lancet rotated 90°), artifact-free NIRS and EEG recordings were successfully obtained ([Fig. 8](#F8){ref-type="fig"}), but four lance trials were rejected for technical failure or movement artifact during the noxious procedure.

![Combined EEG and NIRS recordings can be successfully performed in neonates in response to cutaneous stimulation. Simultaneous EEG (left) and NIRS (right) recordings in a single term infant following noxious heel lance (top) and innocuous control stimulation (bottom; stimulus at *t* = 0 s), showing artifact-free EEG traces at Cz and NIRS traces at C1. Arrows indicate the presence of a nociceptive-specific EEG waveform (red) following heel lance and an earlier EEG waveform (green) following both stimuli. Clear increases in \[HbT\], \[HbO~2~\], and \[HHb\] follow both noxious and innocuous stimulation (right).](enu0021620470008){#F8}

Eleven of 14 lance trials contained a cortical nociceptive response (3 HbO~2~ only; 2 ERP only; 6 both), while in 3 trials no response was detected in either HbO~2~ or ERP recordings, according to the stringent criteria described in Materials and Methods. Thus, although cortical NIRS and EEG responses to noxious heel lance can be recorded simultaneously, and in the majority of test occasions the two methods are consistent \[present or absent together, 9 of 14 trials (64%); [Table 5](#T5){ref-type="table"}\], they do not always co-occur.

###### 

Classification of NIRS HbO~2~ and EEG waveform 2 responses

                   **NIRS HbO~2~**           
  ------ --------- ----------------- ------- -------
  EEG    Present   **6**             2       **8**
  N3P3   Absent    3                 **3**   6
                   **9**             5       14

###### 

Statistical table

  **Location**                         **Data structure**                                                      **Type of test**   **Confidence interval**
  ------------------------------------ ----------------------------------------------------------------------- ------------------ -------------------------
  a ([Fig. 2C](#F2){ref-type="fig"})   HbO~2~ GOF values but not HbO~2~ peak values are normally distributed   Spearman's ρ       −0.03 to 0.86
  b ([Fig. 2D](#F2){ref-type="fig"})   N3P3 PC weights but not N3P3 amplitudes are normally distributed        Spearman's ρ       0.39--0.98
  c                                    HbO~2~ GOF values and N3P3 PC weights are both normally distributed     Pearson's *r*      0.15--0.96
  d                                    HbO~2~ GOF values but not N2P2 PC weights are normally distributed      Spearman's ρ       −0.22 to 0.89

The noxious evoked HbO~2~ response showed less co-occurrence with the N2P2 component of the noxious evoked EEG response \[present or absent together, 5 of 14 trials (35.7%)\], suggesting that the hemodynamic response was better related to the nociceptive-specific component of the lance EEG response.

Three control trials were rejected for technical failure or movement artifact during stimulation. Eleven of 15 test occasions contained a cortical touch response (3 HbO~2~ only; 5 ERP only; 3 both), while 4 contained neither an HbO~2~ nor an ERP response. Thus, although cortical NIRS and EEG responses to innocuous touch can be recorded simultaneously, the two methods are not consistent \[present or absent together, 7 of 15 trials (47%)\], and they do not always co-occur.

Cortical NIRS and EEG responses to noxious heel lance and to innocuous control are correlated {#s4D}
---------------------------------------------------------------------------------------------

Despite the fact that they did not always co-occur, we predicted that the HbO~2~ GOF values and the PC weights of the N3P3 nociceptive-specific waveform would be correlated when they did co-occur. In the nine trials where the incidence of the two cortical measures agreed, a significant positive correlation between HbO~2~ GOF values and the PC weights of the nociceptive-specific N3P3 waveform was found^c^ (Pearson's *r* = 0.69, *p* = 0.04; [Fig. 9](#F9){ref-type="fig"}). Similarly, there was a positive correlation between HbO~2~ GOF values and the PC weights of the N2P2 waveform of the seven control trials where the incidence of the two cortical measures agreed, although this was not significant^d^ (Spearman's ρ = 0.54, *p* = 0.215; [Table 6](#T6){ref-type="table"}).

![Hemodynamic and EEG responses to innocuous control and to noxious heel lance are related. Scatterplots show a strong positive correlation between hemodynamic and EEG responses for the lance (left, *n* = 9) and control (right, *n* = 7) trials that were classified in the same way by the two cortical measures.](enu0021620470009){#F9}

Discussion {#s5}
==========

Here, we have recorded, for the first time, simultaneous hemodynamic and neurophysiological responses to innocuous control and tactile stimuli and to noxious heel lance in newborn human infants. We fully characterized hemodynamic responses in terms of both \[HbO~2~\] and \[HHb\] changes, and developed a method to identify the presence of a clear hemodynamic response to cutaneous stimuli on a single-trial basis. The magnitude of the hemodynamic responses reported here is in the same range as those reported elsewhere in infants, in response to somatosensory ([@B35]), visual ([@B29]), olfactory ([@B3]), and other stimulation ([@B25]). As predicted, we observed significant hemodynamic responses to both noxious and innocuous stimuli that also elicited clear ERPs in a group of healthy term infants. Importantly, we also found significantly greater hemodynamic activation in the contralateral SI following lance compared with control or tactile stimulation, indicating the selectivity of hemodynamic responses. However, our hypothesis that neural and hemodynamic responses would always co-occur in individual trials was not supported, although in the majority of noxious lance trials they did coincide and were positively correlated.

This is the first clearly documented quantitative analysis of both innocuous and noxious evoked hemodynamic activity in the infant human brain. Previous studies reported no HbT response to von Frey hair stimulation of the foot ([@B35]), which appears inconsistent with the present results. Our finding here of a significant increase in both \[HbO~2~\] and \[HbT\] following a similarly brief innocuous mechanical stimulus suggests that the ability to detect a hemodynamic response does not depend upon stimulus duration or which hemoglobin signal is measured. Instead, this inconsistency is likely due to the smaller hemodynamic response and lower signal-to-noise ratio of the tactile response relative to the noxious response, which was the focus of the earlier study. A previous report of specific somatosensory hemodynamic responses in the infant cortex ([@B4]) used longer-duration skin wiping as a stimulus, but the lack of detailed methodology and analysis makes the results of that study hard to compare with the current results.

Distinct tactile and nociceptive cortical responses at the group level {#s5A}
----------------------------------------------------------------------

Our results show initial increases in \[HbO~2~\] over the contralateral SI following lance, control, and tactile stimuli (2.0, 0.4, and 0.3 µ[m]{.smallcaps}, respectively). Furthermore, hemodynamic responses were modulated such that it was possible to distinguish between noxious lance and the innocuous control and tactile stimuli based on the magnitude of the \[HbO~2~\] changes. The mean evoked noxious response was almost 10 times larger in amplitude than the response to innocuous stimulation. This is a considerably greater difference than that reported in a previous NIRS study using innocuous and noxious electrical stimulation in healthy adults ([@B52]). Interestingly, other adult studies using fMRI and diffuse optical tomography (a technique that uses NIRS to enable volumetric monitoring of \[HbO~2~\] and \[HHb\] changes), show that noxious and innocuous stimuli can be differentiated only with respect to the shape and bilaterality, rather than the magnitude, of responses ([@B14]; [@B5]).

This study also confirms the presence of a distinct late nociceptive N3P3 waveform in the infant brain following noxious stimulation that is clearly separable from an earlier N2P2 wave associated with innocuous mechanical stimulation ([@B37]; [@B17]; [@B46]). Thus, we show here that both techniques are able to distinguish between painful and nonpainful cortical activation (NIRS in terms of peak amplitudes and EEG in separable waveforms).

Interpreting the hemodynamic response {#s5B}
-------------------------------------

We did not find significant differences in \[HHb\] changes between stimuli; this could be due to the well known variable nature of \[HHb\] changes in young infants ([@B26]). In adults, increased oxygen consumption leads to regional overperfusion, resulting in a net increase in \[HbO~2~\] and a decrease in \[HHb\]. The variability in the Δ\[HHb\] seen in infants suggests that increased oxygen consumption does not always lead to regional overperfusion, perhaps due to immature vascular regulation or to greater metabolic demands of neurotransmission in unmyelinated white matter ([@B28]; [@B20]; [@B24]).

In addition to the early changes in \[HbO~2~\] and \[HHb\], we observed a significant \[HbO~2~\] decrease from 7 s onward until the end of the 20 s trace following lance, and a similar but shorter lasting decrease following control stimulation ([Figs. 4, 5](#F4 F5){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). This is consistent with the HbO~2~ "undershoot" (and concomitant HHb "overshoot") that has been observed in other NIRS studies ([@B30]; [@B40]; [@B9]; [@B20]) as well as with the BOLD undershoot reported in fMRI studies, which has been observed for up to 60 s ([@B34]; [@B40]; [@B13]; [@B1]). There was also a significant average \[HHb\] increase between 10 and 14 s following lance, but this is difficult to interpret as either an overshoot or undershoot because the direction of the early HHb response was variable. The physiological origin of an \[HbO~2~\] undershoot and an \[HHb\] overshoot has been explored in several studies, and is controversial due to the existence of evidence supporting different mechanisms ([@B34]; [@B40]; [@B13]). The variable HHb response in our study, in addition to the developmental maturation effects of neurovascular coupling and energy use on the hemodynamic response in young infants ([@B21]; [@B24]), makes it hard to associate our data with any of these mechanisms.

The latencies of the peak hemodynamic responses to lance, control, and tactile stimuli are relatively short (3.4, 2.2, and 4.0 s, respectively, for \[HbO~2~\] changes), as reported elsewhere ([@B35]). In adult fMRI studies, the canonical HRF in response to a stimulus is typically modeled with a peak latency of ∼5--6 s ([@B22]), although peak latencies of 4--5 s have been reported ([@B39]); whereas in infants hemodynamic responses tend to peak later ([@B28]; [@B1]). The shorter peak latencies reported here may be due to differences in stimulus durations (∼5--300 ms vs 3.2--30 s; [@B29]; [@B41]; [@B4]; [@B48]; [@B25]), as well as age, type of stimulus, technical parameters, and analysis methods (e.g., filtering methods). Another explanation is that immature vascular regulation, and therefore neurovascular coupling, in the neonates may result in reduced hyperemia relative to adults ([@B28]; [@B20]; [@B21]; [@B24]), leading to a shorter lasting increase in \[HbO~2~\] and, therefore, a shorter peak latency.

It should be noted that, in adults, noxious stimuli can trigger a generalized sympathetic skin response in addition to a cortical response ([@B52]). While an effect of this autonomic response on the hemodynamic changes observed in the present study cannot be conclusively ruled out without monitoring superficial skin activity, the present results are likely to reflect cortical activity, for four reasons. First, the results reported by [@B52] suggest that the superficial response would be in the opposite direction to the \[HbO~2~\] changes reported here, thus masking the cortical response ([@B52]). Second, consistent with other studies, hemodynamic responses to noxious heel lance were in the same direction as the responses to tactile stimuli, which are less likely to trigger an autonomic skin response. Third, as neonates have a much thinner scalp and skull than adults, the relative contribution of superficial skin activity to the measured signal would be much smaller in neonates; indeed, the optimal emitter--detector separation required to sample scalp activity without cortical activity is 2.15 mm in term neonates versus 8.4 mm in adults ([@B10]). Finally, NIRS responses to heel lance are consistent with those reported in a previous study ([@B35]) in which simultaneously monitored ipsilateral responses were variable and often in the opposite direction, indicating that heel lance elicited localized rather than global hemodynamic changes.

Interpretation of simultaneous NIRS-EEG recordings {#s5C}
--------------------------------------------------

Several combined NIRS-EEG recordings have been recently undertaken in infants ([@B32]; [@B43];[@B8]), and there is great interest in developing probes for this purpose ([@B15]; [@B47]). Here we report the first combined EEG and NIRS analysis of infant somatosensory cortical activity. As predicted, we found that somatosensory stimuli elicit both neural and hemodynamic responses in a given group of infants. However, single-trial analysis showed that neural and hemodynamic responses do not co-occur in all trials. This is true following both innocuous control and noxious lance stimuli, although neural and hemodynamic responses co-occurred in a greater proportion of trials following lance. For both stimuli, an ERP was observed in the absence of a hemodynamic response over the contralateral SI in some trials, and a hemodynamic response was detected in the absence of an ERP in other trials.

In adults, a network of brain regions, including the SI, is implicated in the generation of the noxious laser-evoked potential ([@B19]; [@B44];[@B23]). The co-occurrence of neural and hemodynamic responses in many of the trials suggests that the contralateral SI also contributes to the generation of the nociceptive-specific ERP in the maturing newborn brain, but is not reliably activated every time at this age. Similarly, the presence of a hemodynamic response in the absence of an ERP could be interpreted as intact involvement of the SI but insufficient involvement of the other generators contributing to the ERP. Alternatively, the presence of a clear HbO~2~ response in the absence of an ERP could be explained by the sensitivity of the two techniques to slightly different populations of cells. NIRS can detect hemodynamic activity arising from highly metabolically active basket and cortical stellate cells, which may well be invisible in scalp EEG recordings ([@B47]). Moreover, NIRS can detect hemodynamic activity arising from both synchronous and asynchronous neural activity, whereas EEG requires several square centimeters of synchronously active brain tissue in order to detect a response ([@B47]). Thus, a poorly organized neural response, as might be likely in the immature cortex, could generate metabolic demands that are sufficient to cause a detectable hemodynamic response, but not an ERP.

Similarly, the presence of an ERP in the absence of a hemodynamic response could be related to immature neurovascular coupling in this age group. Both the coupling between blood flow and neuronal activation, and the regulation of blood flow itself, might be less efficient at this age, such that the effects of increased oxygen consumption and increased blood flow cancel each other out and no hemodynamic response is observed ([@B21]). Therefore, even if the SI is one of the generators of the ERP, a hemodynamic response might not always be detectable in the immature brain. A lack of recruitment of pial arteries in early development (resulting in little or no initial hyperemia), but later vasoconstriction (resulting in an apparent inverted hemodynamic pattern), is one potential mechanism of the immature neurovascular coupling ([@B24]). Alternative explanations include masking of the hemodynamic response in some cases due either to autonomic sympathetic activity, which is known to follow noxious stimulation ([@B52]), or to the sensitivity of the optodes to a large area of cortex, parts of which could be deactivated.

Interpreting trials with no cortical response {#s5D}
---------------------------------------------

It is clear from this study that the lack of a detectable NIRS or a detectable EEG response alone does not imply that noxious input was not processed in the cortex of these infants. Nonetheless, the proportion of infants having no detectable NIRS response to noxious heel lance (5 of 14) is larger than that reported elsewhere (1 of 18; [@B35]). This discrepancy is probably due to the more stringent classification method used here, and to the large number of babies that were asleep, leading to a reduced hemodynamic response ([@B35]). The proportion of infants with no EEG response is expected; a clear lance ERP is not always detected in neonates, as the ERP begins to appear more reliably just before the time of normal birth, and its incidence continues to increase with age until at least 45 weeks GA ([@B17]) and in amplitude until at least 1 year of age ([@B46]).

However, in a small number of infants there was neither an EEG nor a NIRS response to somatosensory stimulation, be it noxious or innocuous, despite clear evidence of high-quality artifact-free recording and of behavioral reactivity (data not shown). It is likely that a lack of either response reflects genuine intertrial and interindividual variability in pain reactivity in infants. The reproducibility of within-subject responses in key somatosensory regions to tactile and painful stimuli is known to be not entirely stable in healthy adults ([@B42]) and is likely to be less so in infants. But there is also increasing evidence of interindividual differences in pain perception influenced by both genetic and epigenetic factors. A recent study has highlighted the significant variability of infant pain behavior between groups of infants who were 2--12 months of age ([@B31]), which is consistent with the considerable variability in facial expression following heel lance in preterm and term infants on a given study occasion ([@B36]).

Our ability to record and quantify single-trial hemodynamic and EEG responses increases the reliability of either method alone and will allow us to interrogate these responses in the maturing infant brain and to better interpret developmental changes in central pain processing.
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Synthesis {#s6}
=========

The decision was a result of the Reviewing Editor Karen Davis and the peer reviewers coming together and discussing their recommendations until a consensus was reached. A fact-based synthesis statement explaining their decision and outlining what is needed to prepare a revision is listed below. The following reviewers agreed to reveal their identity: Lino Becerra, Markus Ploner

Pain processing in the infant brain is an interesting and clinically relevant topic. The present study investigates brain responses to pain and touch in human infants. The investigators simultaneously recorded electroencephalography (EEG) and near-infrared spectroscopy (NIRS) responses to painful heel lance (for diagnostic purposes) and non-painful stimuli in 30 newborn infants. The results show known patterns of EEG and NIRS responses to both stimuli. Single trial analysis further revealed that brain responses cannot be recorded in all trials and that the detection of EEG responses does not necessarily co-occur with the detection of NIRS responses. The authors concluded that both techniques provide complementary information on somatosensory processing in the infant brain and that the multimodal assessment allows for novel insights in these processes.

This paper is the first to combine both measures and systematically study noxious, innocuous and control evoked stimuli in infants. The study shows that electroencephalography (EEG) and near-infrared spectroscopy (NIRS) provide complementary information on somatosensory processing in the infant brain. Hence, integrated EEG- and NIRS-based assessments promise to further the understanding of pain and touch processing in the infant brain.

The manuscript is well written. The methods are sound and the results are clear and convincing. The interpretation is adequate.

There is a concern with respect to the NIRS data and analysis; as mentioned by the authors, they believe that no contribution will arise from the midline arteries. However, it is well known that systemic changes in blood flow appear in the skin and they will affect the observed signal. The authors do not address this issue in the discussion and should provide a convincing argument that their measurements were not affected by spurious skin signals.

A minor edit is to modify Figure 1b which should have a scale (spatial).
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